Abstract| The world of wireless telecommunications is rapidly changing. The capabilities of wireless networks are improving at a steady pace. This paper presents two possible protocols for implementing mobility for wireless users in an Asynchronous Transfer Mode (ATM) network. The vision of the authors is of one \Wireless ATM Telecommunications Network" that is capable of supporting a variety of today's applications with room to grow for advanced applications of the future. We rst visit database architectures that can support mobility in a wireless ATM network. We then discuss one of two signaling architecture alternatives, the \Overlay Signaling", for overlay support of mobile users in the ATM-based wireless telecommunications network. \Overlay Signaling" aims at minimizing the modication needed to the existing ATM protocols. We then describe a native \Migratory Signaling" approach that further integrates wireless and wireline users into one global wireless ATM network at the expense of requiring some modications to the existing ATM protocols. A performance analysis of the proposed signaling architecture alternatives is also presented. We conclude by pointing out some challenges in merging ATM with wireless telecommunications.
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I. Introduction
In this paper we focus on the signaling aspects of designing an Asynchronous Transfer Mode (ATM) based wireless Personal Communications Network. Two approaches that may be used for devising a signaling protocol for such a network are identied. The rst approach, called the \Overlay" approach, keeps the existing ATM signaling protocol intact, and functions as an overlay network. This rst approach is described in this paper and in [1] . The second approach, which is referred to as the \Migratory Approach", modies the existing ATM signaling protocols to accommodate mobile users together with the xed users and aims to minimize the overhead incurred in supporting mobile users. The migratory approach to wireless ATM signaling is the second part of this paper. These two approaches may be used together as a migratory path to a unique global wireless ATM network. We rst discuss the signaling procedures used in the overlay and migratory approaches to support users in the wireless ATM network. Then we give quantitative results on the overhead incurred by the two alternative signaling protocols. We then note some of the challenges in incorporating mobility i n a n A TM network. Before discussing these topics, we digress briey to consider a possible system architecture for supporting mobility i n a n A TM network. of radio ports, the radio port controllers, and the ATM network interface equipment that interconnects these radio ports and provides xed network access (See Figure 1) . Two types of xed network connections exist in a zone. The rst is the ATM network that interconnects the zones in the wireless network. The second type of connection is the connection between the radio ports and the radio port controllers. This second type of connection is not within the scope of this paper and is not discussed in the text. Hence, in this paper, we assume that the ports and the port controllers are interconnected by an optimized communications link.
There is also a database associated with every zone. This database is partitioned into two segments. One segment i s reserved for the users that are permanently registered in that zone, i.e. the \home" segment. The second segment is for the users are that are visiting the zone. The network databases do not keep track of the radio ports that connect the users to the network. The port controller keeps track of radio port and active user information.
The user identication numbers determine the location of user's permanent registry or home database. The nearest database is the rst place to be searched in attempting to locate user information. If the desired information is not found at the nearest database then the permanent home database for that user is queried. We will refer to this architecture as the \two-tier database architecture." The European GSM and U.S. IS-41 digital cellular standard of \Home Location Register/Visiting Location Register" is one example of a two-tier database architecture [8] , [9] . One important advantage of a two-tier architecture as described above is the two-step deterministic search where a user's prole is retrieved in at most two database look-ups.
An alternative t o a t w o-tier database architecture is a hierarchical structure which takes advantage of the locality and motion patterns of users and organizes the distribution of data accordingly. The main dierence in terms of user identication numbers between a hierarchical scheme and a two-tier scheme is location dependence. In a hierarchical scheme, the user identication numbers do not need to specify location information; therefore, the hierarchical scheme will also be referred to as a \Location Independent" scheme. The two-tier architecture is characterized as a \Location Dependent" database architecture. In this paper it is assumed that the wireless ATM network signaling uses a location dependent database architecture. We next consider the procedures used in the Overlay Approach t o Wireless ATM Signaling.
III. The Overlay Approach to Wireless ATM Signaling
In this section we discuss the network transactions that are related to supporting user mobility in the wireless ATM network and suggest how they can be implemented using the ATM User Network Interface 1 (UNI) signaling protocol [6] . The network transactions related to user mobility are:
Registration, Call Setup, Hand-o. We will refer to the operational software that manages a zone and the signaling systems in that zone as the \Zone Manager." The zone manager is responsible for database and connection management functions in the zone and runs on the Wireless-to-ATM network interface equipment. There are two networks and two kinds of signaling in the overlay wireless ATM signaling network architecture. The zones are interconnected by an ATM network. The zone managers must use the ATM signaling in order to establish connections through the ATM network. The radio ports and portables belong to the wireless network, and the zone managers exchange wireless network signaling messages in order to support the needs of the users and the network 1 ATM UNI (version 3.1) is an implementation agreement proposed by the ATM Forum and coincides with the ITU-Q.2931 signaling protocol implementation. In this text the UNI signaling messages will be typeset in BOLDFACE characters. Note also that the zones of the wireless network will appear as \users" to the xed ATM network hence use of ATM UNI signaling is justied.
itself. The wireless network signaling messages are encapsulated into ATM cells and transmitted through the ATM network to their destinations. See gure 2 for a depiction of connection types and protocols between the layers in the wireless and ATM networks.
A procedure that is common to all of the wireless network transactions is establishing a connection through the xed ATM network. The current A TM Forum UNI specication describes how a n A TM connection is established in a xed network context [6] , using current A TM protocols between two A TM network entities. In this paper, registration, call setup and hand-o will be implemented using the ATM Connection Setup Procedure as described in [6] in an overlay manner. Note that this procedure is in a xed network context and is used by all ATM network users. The calling/called parties will be zone managers in the wireless ATM network context. If the radio ports, and the port controllers are also interconnected by the ATM network, then the same procedure could be used by the ports and controllers as well.
A. Registration
In the following sections we show h o w the ATM Connection Setup procedure is used to implement Registration, Call Setup, and Hand-o transactions for the wireless network.
Registration is performed to maintain information about the mobile user locations. The registration is performed as follows: 1. The registration process starts with the transmission of the user identication number (UID) and user's previous zone identication from the portable that enters a new zone. The portable recognizes the zone change by comparing the current zone identication with the stored last zone identication. The radio ports are assumed to transmit zone identication beacon signals periodically to assist the registration process [10] , [11] . After exchange of encryption keys between the portable and the radio port 2 , user's password is also transmitted over the radio interface in an encrypted message. 2. Upon receiving the UID and the authentication information, the zone manager (ZM) of the new zone establishes an ATM connection to the zone that contains the user prole (\home" zone) 3 . The location of the user prole may be obtained by querying the user's previous known zone. The zone managers communicate by using the wireless network signaling protocol messages that are encapsulated into ATM cells. 3. After the ATM connection between the new and home zone managers is established, the zone manager of the user's current zone requests user's authentication record and upon receipt of this record, the user is authenticated.
4. If authentication is successful, the user's prole is updated with the new location information and the updated prole is transferred to the current zone. 5. The user's prole in the previous zone is deleted by establishing an ATM connection to the previous zone manager. 6 . If the authentication is unsuccessful then the user access is denied. 7. After the registration transaction is complete, the connection is released using RELEASE and RELEASE COMPLETE messages. Please see Figure 3 for message ows for a successful registration 
B. Call Setup
The call setup procedure is used to establish a connection between two wireless network users. In this section, the originating zone refers to the calling user's zone and the destination zone refers to the called user's zone. The call setup proceeds as follows: 1. Called user identication number (CUID) is transmitted from the portable to the originating zone manager together with call setup parameters such as required bandwidth, trac type, etc. 2. The originating zone manager (OZM) forms an ATM UNI protocol SETUP message using the incoming call parameters and proceeds as follows:
(a) OZM requests the called user's location information from the wireless network. The procedure for this process is similar to what is described in sections II, III-A and gure 3.
(b) When the called user's location information is retrieved from the network, an ATM connection is estab- 4 The release of Signaling Connections are not shown for the sake o f clarity of gures. They are included in our calculations.
lished to the called user's current zone manager using the ATM connection setup procedure.
(c) After the connection is established, the originating zone manager (OZM) passes the calling user's identication number to the destination zone manager (DZM) and requests a connection setup. Figure 4 for the call setup transaction ow for a successful call. Remarks: Call blocking may be checked at the same time as the user's prole is obtained.
The connection setup for the user connection may be initiated by the OZM.
Since the connection involves radio links, a mechanism for call parameter re-negotiation should be developed as the user environments vary or as the users change tiers in a m ulti-tier PCS environment [17] . C. Inter-zone Hand-o using Overlay Signaling The inter-zone hand-o process depends on its implementation in the wireless network. We will assume the following:
Hand-o is portable initiated. The portables monitor the link quality in terms of received signal power to candidate radio ports and when the link to another port becomes stronger that port is selected and hand-o is executed [11] .
The hand-o process may be initiated in two w a ys: The portable may tune into the control channel of the candidate radio port and initiate a hand-o through the candidate port or the portable may use the existing link with the previous port to initiate the hand-o. The latter method is used more frequently in present systems [11] ; however, both methods have merit and will be discussed.
The only kind of hand-o that generates network trac is an inter-zone hand-o. Therefore we limit the discussion to inter-zone hand-os. The intra-zone hand-o is performed in a similar manner by the radio port controller without generating network signaling trac. Since we limit our discussion to the inter-zone hand-os, the candidate radio port and the previous radio port are in dierent zones. The candidate radio port is controlled by the \candidate zone manager." The previous radio port is controlled by the \previous zone manager." Please refer to gures 5, 6 and 7 for details. The hand-o will proceed as described below: C.1 Hand-o through the Previous Port 1. In this case, the portable realizes that a link of better quality exists to a candidate radio port. The portable records the identity of the candidate port. 2. The portable sends a message to the previous zone manager (PZM) desiring a hand-o to the candidate radio port. The ATM address of the candidate zone is included in this message. Since we are considering inter-zone hand-os the candidate radio port is in a dierent zone. 3. The PZM establishes an ATM connection to the candidate zone manager (CZM) using the ATM connection setup procedure. 4. The PZM transfers a copy of the user prole to the CZM, CZM assigns a channel to the user, relays the channel assignment information to the PZM. 5. The PZM contacts the end point for the user connection and requests re-routing to the candidate zone. See [2] for details on rerouting of connections in a Wireless ATM Network. 6. Once the re-routing is complete, the PZM contacts the portable and relays the channel assignment information. 7. The portable tunes to the new channel and contacts the CZM. 8. The CZM and the portable verify the connection. After verication the CZM noties the PZM of the successful hand-o. If the connection is not veried, the portable tunes to the previous channel and starts scanning for candidate ports. The CZM deallocates the assigned channel. An alternative to this procedure is to verify the radio channel and then perform the rerouting in order to save resources.
However, since the hando is portable initiated and depends on power measurements success is more likely than failure. 9. If the hand-o is successful, the PZM deletes user prole.
C.2 Hand-o through the Candidate Port 1. The portable initiates a hand-o by establishing a link with the candidate radio port in the candidate zone and requesting a hand-o from the candidate zone manager. This message includes the user's identication number and previous zone identication. 2 . The candidate zone manager will acknowledge this message. The candidate zone manager (CZM) will establish an ATM connection to the previous zone manager (PZM) using the ATM connection setup procedure. The portable will tune back to its previous channel after the acknowledgment is received. 3. Following the connection establishment, the CZM will request a hand-o. The PZM will transfer the user prole to the CZM using the ATM connection. The PZM shall also send a re-routing message to the ATM network so that the route to the candidate zone can be setup 5 .
Rerouting of wireless ATM connections due to a hando event is discussed in detail in [2] . 4. The CZM shall provide the PZM with the channel assignment information for the portable. Pending re-routing success, the CZM will start to buer the information for the portable. If the re-routing is not successful the hand-o attempt is dropped, the PZM is notied. The PZM in turn noties the portable. 5. If the re-routing is accomplished, the PZM sends the proceed with hand-o message to the portable that is still tuned to the channel in the previous zone. The proceed with hand-o message includes the channel assignment information for the candidate zone. If the portable cannot be raised at the previous zone, the CZM will be notied and the CZM will page the portable to establish a link. This page will also include the candidate channel assignment. 6. The portable, after receiving either the channel assignment information or the page from the CZM, will tune to the assigned channel and transmission is initiated. In either case the buered information will be passed on to the portable in the order received. If the accepted time limits for the connection are exceeded then some information such as expired voice packets may be dropped, 7. When the hand-o is completed 6 , the ATM connection between the zone managers is released. Upon release of this connection the PZM will update the user's prole using a procedure similar to registration (authentication is not needed in this case) and erase the information that is buered for the portable at the previous zone. 5 Currently this can only be achieved using a SETUP message to establish the new connection. However, we can use the fact that the hand-o is most likely to occur between neighboring zones and perform the re-routing at the nearest common network point, this capability w ould need to be added into the ATM network signaling protocol. 6 The hand-o is completed when the stability of the new link is established The dierences between these two alternative methods are subtle; however, the former method (hand-o through the previous port) does not need synchronization to the control channel of the candidate port and uses the existing radio link to the previous port for hand-o related signaling. Note that if hand-o is being performed because the existing link is deteriorating, then the success of the former method is not assured; nevertheless, if the portables monitor the link quality frequently then this will be a minor problem. The latter method suers from diculty of carrying on two connections at once but does not suer from the failing link problem of the latter.
This completes the outline of the proposed implementation of a wireless ATM network that overlays the xed ATM network. In the next section we describe the Migratory Signaling Approach for wireless ATM network signaling.
IV. The Migratory Approach to Wireless ATM Signaling
Migratory Signaling is a protocol implementation for a wireless ATM network that satises the goals listed below:
The signaling protocol shall support all the functions supported by the existing ATM signaling protocol and will require minimum change to the existing protocols.
The signaling protocol shall be migratory. It will support upgrading of the network in phases or in regions while maintaining compatibility with the existing network.
It shall be exible and pave the way for future signaling network protocol implementations without major changes of the signaling network.
It shall address all the concerns listed for the overlay approach in Section III. The migratory signaling approach implements a single signaling protocol for support of both wireless and wireline users. We follow the procedure given in [1] and focus on how Registration,Hando and Connection Setup are implemented in this new signaling protocol implementation. We refer to the new protocol as the \W-ATM Signaling Protocol" and use the words user and terminal to refer to a wireless ATM network endpoint. We also assume that a wireless ATM user's identication number uniquely determines the permanent home database for that user as described previously. The support for xed ATM users is dened in ATM Forum and ITU documents [6] , [7] . We therefore explain how the wireless users in the W-ATM network are supported and how the interaction between the xed and wireless users is implemented. The xed ATM users are supported by incorporating the current A TM protocol into the W-ATM Signaling Protocol.
A. Registration using the Migratory Signaling
Registration in the W-ATM network is performed to keep the user location information current and is implemented as follows: 1. The user enters a new zone. The user terminal initiates a registration session with the zone manager for the new zone. After encryption key exchange(See footnote 2), the terminal sends the user's Identication Number (IDN) to the zone manager and goes to standby state.
2. The zone manager records the IDN and sends a REG-ISTER message to the user's permanent registration database 7 . The REGISTER message contains user's identication number, the zone's ATM address, the user's permanent home database ATM address and other standard ATM signaling parameters.
3. The REGISTER message is transmitted through the ATM network using the ATM signaling virtual circuits. The permanent home database receives the message and authenticates the user. Upon authentication it updates its records and sends two messages: REGISTER COM-PLETE to the user's new zone and RECORD DELETE 7 Throughout this section we will use BOLDFACE letters to differentiate new W-ATM signaling messages. See [5] for details on the contents of W-ATM signaling messages.
to the user's previous zone to delete user's record. 8 The REGISTER COMPLETE message contains the user IDN, the ATM address of the current zone, the user prole and the ATM address of the home database of the user. The RECORD DELETE message contains the user IDN, the ATM address of the previous zone and the home database of the user. 4 . If the authentication is not successful then the user's new zone is notied by sending a REGISTER DENY message. 5. If the registration is successful, the user's terminal is notied; for unsuccessful registration attempts the registration session is re-initiated. If the registration is unsuccessful a second time then the user is denied service and the network operations control is notied. The signaling message ow for registration is given in Figure B. Inter-zone Hando using the Migratory Signaling As in the discussion of hando given in Section III-C, we concentrate on the inter-zone hando; therefore, the candidate radio port and the previous radio port are in dierent zones. We assume that the hando is portable initiated and assisted and that the hando may either be performed through the candidate or through the previous radio port. See [1] , [18] , [22] for details on hando. The candidate radio port is controlled by the candidate zone manager (CZM). The previous radio port is controlled by the previous zone manager (PZM). Please refer to gures5, 9 and 10 for details. The hando will proceed as described below:
B.1 Hando through the Previous Port 1. In this case, the portable realizes that a link of better quality exists to a candidate radio port. The portable records the identity of the candidate port. 8 RECORD DELETE message is not sent in the so called lazy deregistration schemes.
2. The portable sends a message to the PZM requesting a hando to the candidate radio port. Since we are considering inter-zone handos the candidate radio port is in a dierent zone managed by the CZM. end point at this stage also stops sending information to the PZM and starts buering the information. The reroute is performed at the point where the route to the PZM and the route to the CZM forks. The CZM sends a REROUTE COMPLETE message to the PZM. See [2] for detailed description of rerouting due to a hando in wireless ATM Networks. 7. Once the re-routing is complete, the PZM contacts the portable and relays the channel assignment information. 8. The portable tunes to the new channel and contacts the CZM. 9. The CZM and the portable verify the connection. After verication the CZM noties the PZM of the successful hando by sending a HANDOFF COMPLETE message. Upon receiving the HANDOFF COMPLETE, PZM releases the connection between itself and the end point [2] . The CZM sends a HANDOFF COMPLETE to the end point to resume data transfer. If the connection is not veried, the portable tunes to the previous channel and starts scanning for candidate ports. The CZM deallocates the assigned channel and sends a HANDOFF FAIL message to the PZM and the end point. The end point starts sending the data to the PZM. Note that some time-sensitive information such a s v oice may be discarded if the hando takes longer than pre-specied time interval. 10. When the hando is completed 10 , the PZM deletes the user prole and sends a RECORD UPDATE message to update the user prole to the user's permanent home database. This message contains the user's IDN and the ATM address for the candidate zone.
B.2 Hando through the Candidate Port 1. The portable initiates a hando by establishing a link with the candidate radio port in the candidate zone and requesting a hando from the candidate zone manager. This message includes the user's identication number and previous zone identication. 9 The end point is dened to be the terminating node for the user connection in the network. 10 The hando is completed when the stability of the new link is established 2. The CZM will acknowledge this message. The CZM will send a HANDOFF INIT W-ATM message to the PZM. The HANDOFF INIT message contains the user's IDN and the address for the PZM and the CZM. The portable will tune back to its previous channel after the acknowledgment is received.
3. Upon receiving the HANDOFF INIT message the PZM will transfer the user prole to the CZM using a HANDOFF INFO message. The PZM shall also send a HANDOFF REROUTE message to the end point for the user's connection. The rerouting is performed as specied in Section IV-B.1 and as described in [2] . 4 . If the rerouting is successful, the CZM shall provide the PZM with the channel assignment information for the portable using a HANDOFF CHANNEL ASSIGN message. It will also send a REROUTE COMPLETE message to the end point. If the rerouting is not successful, the hando attempt is dropped, the PZM and the end point are notied by sending a HANDOFF FAIL message listing rerouting failure as the reason. The PZM in turn noties the portable. 5. If the re-routing is accomplished, the PZM sends the proceed with hando message to the portable that is still tuned to the channel in the previous zone. The proceed with hando message includes the channel assignment information for the candidate zone. If the portable cannot be reached at the previous zone, the CZM will be notied and the CZM will page the portable to establish a link. This page will also include the candidate channel assignment. 6. The portable, after receiving either the channel assignment information or the page from the CZM, will tune to the assigned channel and transmission is initiated. The CZM will send a HANDOFF COMPLETE message to the the PZM and the end point for the connection. The end point then will release the data that is being buered. At this stage the PZM releases the connection between itself and the end point [2] . 7. When the hando is completed 11 , the PZM deletes the user prole and sends a RECORD UPDATE message to update the user prole to the user's permanent home database. This message contains the user's IDN and the ATM address for the candidate zone.
C. Connection Setup using Migratory Signaling
The connection setup procedure in the W-ATM network must be investigated in three stages:
Connections from wireless to wireless users.
Connections from wireless to xed users.
Connections from xed to wireless users. The connection setup from xed users to xed users is handled adequately by the current ATM signaling specications hence is not discussed here [6] , [7] .
We assume in this paper that the wireless users are mobile and change their locations. The user's locations are updated by means of the registration process described in 11 The hando is completed when the stability of the new link is established the previous sections. The main dierentiator between connections in the ATM network and the connections in the Wireless ATM network is the address or location resolution process performed before an actual connection is established; therefore, the standard ATM connection setup procedure becomes inadequate. We propose the following W-ATM connection setup procedure for setting up connections in the W-ATM Network. We consider the three cases mentioned previously:
Case 1: Connection Setup between Two Wireless Users
We assume that the wireless users and the xed users are dierentiated by their user identication numbers. The ATM address for a xed ATM terminal is recognized as the IDN. For this case we will assume that wireless user A decides to call wireless user B. The procedure for connection setup is given below and illustrated in Figure 11 : Estimating the performance of a signaling network protocol requires the denition of a performance measure. Our performance measure is the overhead required for signaling. We are not concerned with the signaling information being exchanged, but in the overhead required to carry that information. This performance measure is chosen because the signaling information needed to be communicated to perform network functions in any network remains roughly the same; however, the work performed in transmitting that information is a good measure of the eciency of that protocol.
We used the methods given in [3] , [15] to estimate the signaling overhead required to support wireless users. These methods use the uniform uid ow model for approximating wireless user motion, and Poisson call arrival and exponential call holding time distributions given in [12] . Equations that yield mean values for the registration, L r , connection setup, L c , and hando, L h , transaction rates in terms of transactions per second (TPS) are given in [15] . We h a v e adapted and further simplied the equations given in [15] and arrived at the following set of equations (See Appendix II):
See Table III for the denitions of the terms. The equations above yield results for any given conguration that are accurate estimates within the limitation of being mean values for statistical variables.
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By examining the equations given above, the following are evident:
All of the transaction rates scale linearly with the number of people in a zone.
Assuming that the population density remains constant, all of the above transaction rates vary linearly with the square of the zone size.
The rate of registration transactions is not aected by call arrival rate or call holding time.
The rate of connection attempts is not aected by the user velocities.
Both the registration and hando transaction rates vary linearly with user velocities assuming that zone size and thus the number of people in the zone remain the same. We n o w proceed to discuss the performance estimates for both overlay and migratory signaling approaches. We note that the focus of the results are towards the eects of user velocity, calling rate and call holding time. Although we have performed all of the variations listed above, we only show a few examples of the linear relationships.
A. Performance of the Overlay Signaling Approach
In this section we estimate the performance of the overlay signaling approach. For the estimates, we also specify the kind of ATM signaling needed to handle registration, hando and connection setup transactions. The numberof ATM connections that are required to be established for overlay signaling, as noted in Section III, are summarized in Table 1 . Based on these gures and the minimum and maximum number of bytes required to set up ATM connections (See Appendix I, [6] ), we then calculate the mean number of transactions per second and the mean bandwidth required for setting up ATM connections to support these transactions.
The parameters in Table 2 were varied one at a time to arrive a t the results discussed in the text. Figures 14  and 15 show examples of the linear relationships. 1. The ATM Overlay signaling bandwidth required to support the wireless network is on the order of a few Mbits per second for all the cases investigated. We conclude that the bandwidth required to support the zones of the wireless network is minimal. 2. The numb e r o f A TM connections that need to be established for supporting the wireless network mobility; however, is on the order of 100 to 400 connection attempts per second. We note that this gure does not include the user connections. This gure is a very signicant o v erhead and translates to roughly one connection setup every 2:5 milliseconds. To the best of the authors' knowledge this appears to be a challenge to current A TM switching technology. 3. All the gures given are for a square zone size of 8000 meters on one side. As the zone size increases, all of the quantities listed above either increase quadratically or linearly with the zone size. Thus, the overlay signaling paradigm does not scale well for supporting a large number of mobile wireless users. 4. The call holding time has little eect on the estimated ATM bandwidth required for signaling. Of course, it has a very marked eect on the bandwidth required to support user connections. In this section we focus on the performance of the Migratory Signaling discussed in Section IV. We again use the mean number of signaling messages per second and the bandwidth required to transmit these messages as a performance criteria for Migratory Signaling. After performing the parameter variations listed in Table II we h a v e observed the following: 1. Number of Signaling Messages sent and the bandwidth required to send them varies linearly with velocity, population of a zone and calling rate. Mean call holding time does not have a signicant eect on the bandwidth or the number of signaling messages transmitted through the network. 2. The mean number of signaling messages transmitted per second in the W-ATM network varies between 20 and 400 messages per second depending on the population and other factors. 3. The mean signaling bandwidth required to support W-ATM signaling varies between 10 and 900 kilobits per second depending on the population size and other factors. These bandwidth gures were calculated using the proposed W-ATM signaling messages dened in [5] . 4. The single most dominant factor for all measures of interest is the population of the zone. For a given population both mean calling rate and mean user velocity are equally dominant. The call holding time has no signicant eect for signaling although its eect on user bandwidth is very important. Figures 16 and 17 show examples of the linear relationships. Based on these calculations we can now compare the Overlay Wireless ATM Signaling with Migratory Wireless ATM Signaling. In this section we compare the Migratory Wireless ATM Signaling and the Overlay ATM signaling. The Overlay Signaling is designed to support wireless users in an ATM network with no modication to the existing ATM protocols and only the addition of gateways to the ATM network. The Migratory Signaling is designed to be a native Wireless ATM protocol providing built-in support for both wireless and wireline users. To achieve built-in support, migratory signaling adds a few signaling messages to the existing ATM protocols. The comparisons follow:
The Overlay Signaling requires ATM connections to be established to support mobile (wireless) users. In section III we have shown that for varying population sizes, overlay signaling requires 40 to 250 ATM connections per second to be established resulting in the transmission of 200 to 1250 signaling messages per second. This presents a challenge to existing ATM switching equipment. The Migratory Signaling uses ATM signaling virtual circuits to transmit signaling message to support wireless users. Since these messages are sent using the existing ATM signaling virtual circuits, no connections need to be established. The number of mean signaling messages sent are on the order of 20 to 400 messages per second. This number is feasible using today's technology.
The bandwidth required to support signaling for wireless users is also an important criteria. Using our calculations we h a v e found that the Overlay Signaling requires an average signaling bandwidth of 1:4 Megabits/second. For the same set of baseline parameters the Migratory Signaling requires approximately 500 Kilobits/sec of average bandwidth.
The interaction between wireless and wireline users in the Wireless ATM network is an important feature of our design. In the Overlay Signaling, this interaction is implemented by means of service gateways that function as intermediary points between the wireline and wireless users. In the Migratory Signaling, the support for wireless and wireline user interaction is built-in to the signaling protocol. This native support is also more ecient in terms of bandwidth and signaling routing since the connections need not be routed through the service gateways.
We have mentioned in section III that the overlay approach may have a scaling problem when the population of a zone exceeds 100; 000 people. The solution for this problem is further sub-division of zones with large population sizes. The Migratory Signaling is more robust in terms of scalability and it minimizes the scalability problem by using native signaling channels.
The Overlay Signaling requires no modication to the existing ATM protocols. The only ATM network modication required for Overlay Signaling is the establishment o f service gateways in the networks as discussed previously. The Migratory Signaling requires addition of some signaling messages to the existing protocol to provide direct support for wireless users.
The ineciency associated with Overlay Signaling is a result of choosing to use switched virtual circuits (SVCs) for signaling connections. An alternative t o the use of SVCs is to use permanent virtual circuits (PVCs) for overlay signaling. By using PVCs, the zone managers of the wireless ATM network will be able to communicate without establishing connections. In such a network, the overhead associated with using PVC based overlay signaling will be comparable to migratory signaling discussed in this paper. However, there are some disadvantages associated with PVC based signaling as noted previously and in [4] . The primary disadvantage is the need for manual administration of PVCs for each and every zone; moreover, the number of required PVCs will grow with the square of the number of zones in the network. Due to space limitations, we cannot consider the use of PVCs herein. However, we note that architectures given in [4] , [19] address the problems associated with PVC based overlay signaling. Also, most of these PVC based schemes require changes in the current ATM protocols. In contrast, SVC based overlay signaling does not require any c hanges in the existing protocols, it is completely distributed and requires no administration. We also note here that these protocols may be used in tandem to evolve support for wireless users in an ATM network to form a \Wireless" ATM network.
VI. Impact of Mobility on the ATM Network
In this section we discuss the impact of mobility o n t h e current A TM networks that are being designed to handle xed users. In these xed networks, the user's identication number determines where the user is and how to route a call to the user. However, in a wireless environment, the user numbers do not yield any information about the user's location. In such a n e n vironment the user's number must be used to retrieve the location information. Note that if the wireless and ATM networks were separate entities in which no cross-interaction between users occurred, then the discussions in Section III would provide a way o f i mplementing a self-contained wireless network supported by an ATM network. However, the users in the respective networks need to interact with each other, so the ATM signaling protocols need to be modied to understand the existence of mobile users. In Section VI-A we discuss issues associated with ATM and mobile users.
A. Making ATM Work with Mobile Users: The Issues
In this section we discuss some of the limitations of the signaling procedures discussed in Section III. We rst propose an interim solution and then arrive at a solution which addresses all of the concerns noted here.
A.1 The Interim Solution
The ATM signaling protocol currently understands only xed user numbers. These numbers are treated very much like a phone number to establish where to route a call to any given user. When xed ATM users are allowed to interact with mobile users we face the following numbering system problem. When an ATM user desires to connect to a user that is a wireless network subscriber, the called user's number will not have meaning to an ordinary ATM host. This implies that we need to have a n umbering scheme that accommodates the mobile users. An interim solution is to dene Personal Communication System (PCS) subscriber numbers as specially marked ATM numbers 13 and have ATM to wireless user calls routed to designated wireless user switches that will re-route the calls to their nal destinations. A longer-term solution to this problem is given in [21] . The calls from wireless network subscribers to xed ATM hosts do not constitute a problem as the burden of establishing the connection lies with the wireless network which i s a w are of both kinds of numbering. This alternative i s easy to implement and does not require any major modication to the ATM protocols. Because of ease of implementation this approach could provide a good interim solution. Unfortunately, as noted earlier, this interim method will not scale well as the numberof wireless network users grow and the wireless switching centers get congested. We might also face having to re-route calls across hundreds of miles to establish a connection to a user that is next door. This leads to our next topic which will relieve these problems.
A.2 Wireless-aware ATM Interface Approach
A wireless-aware ATM interface approach will distribute the wireless switching center functionality to all xed ATM end-points, including ATM switches and ATM interface equipment at user terminals as discussed in Section IV. This will require designating a special numbering scheme which will identify the wireless users as \mobile" and cause a dierent signaling mechanism to be employed for voice and data calls that are to or from wireless users. These mechanisms will be similar to the wireless network messages discussed in section IV. For example, for an ATM user 14 to establish a data connection to a wireless network user, the protocol will recognize that the user is mobile, and try to obtain the location information for that user using wireless network signaling procedures. Once the location information is obtained, a connection will be setup. This will distribute the intelligence to the xed network user interfaces and will result in more eective use of network resources. This approach is incorporated into migratory signaling discussed in Section IV.
B. Wireless users in a Multi-tier Environment
A m ulti-tier network environment is dened as one that will provide dierent bandwidth capacities to users depending on their locality. An example of a multi-tier architecture is given in [17] . In a campus-wide setting, users may be able to attain a few megabits per second data rates. As they leave the campus and go into a wider area, the wireless may only be able to support a lower data rate, but still may allow the connection to continue in a seamless manner. Accommodating changing data rates on a pre-established connection will require modication to supporting xed ATM networks. In some environments, a tier change could cause the available channel bandwidth to decrease or to increase by an order of magnitude or more. Clearly, w e need to dene a procedure by which the bandwidth allocated for an established connection may b e c hanged.
One approach t o solving this problem can be classied as an extension of ATM ow control algorithms. When the user changes a tier in the multi-tier network, the ATM ow control mechanisms will either detect an extreme congestion in the case of a bandwidth decrease or they may be programmed to detect a completely empty packet queue in case of a bandwidth increase. This in turn could trigger the network to send a message to either party asking for re-negotiation of ATM trac descriptors. We shall call this method the Autonomous Bandwidth Negotiation Algorithm.
Alternatively, the wireless access network could notify the ATM network of the tier change. Upon notication the ATM network may c hange the parameters for the established connection.
C. Handling Bursts of Errors in the Wireless Network
The wireless environment suers from stochastic channel degradation; therefore, occasional bursts of errors may occur for data that is transmitted over a radio interface. In the current A TM adaptation layer implementations, the only recovery from such an error burst is re-transmitting the complete information packet through the network. In order to prevent the excessive use of network resources the wireless network zone managers may need to be able to buer large amounts of data so that such errors only result in a re-transmission over the radio interface.
D. Re-routing Strategy for Hand-o
A hand-o is performed when a portable unit determines that a better quality radio link is available. Some handos result in switching to a neighboring zone. When the hand-o process is handled by the network, we m a y make use of the locality of hand-o and choose to re-route at the nearest common network node between the two zones. However, the current A TM signaling does not permit a rerouting at an intermediary point o f a n A TM connection [6] . A summary of ecient algorithms on rerouting for hando may be found at [2] .
E. Relevant Work on Wireless ATM Networking
In this section, we briey mention research related to the topics discussed in this paper (See [13] , [14] , [16] ). In [19] , the author proposes a wireless ATM networking architecture similar to the one discussed here, but considers an overlay network consisting of virtual paths, serving as a signaling backbone network. This paper extends the results given in [19] by providing explicit and detailed procedures for hando, registration and call setup transactions and presenting a statistical performance analysis of the proposed overlay network architecture. In [20] , the authors present a wireless ATM network architectural model, but do not describe explicitly how the support for mobile users will be implemented.
The eld of wireless ATM network research has ourished within the past year. In this short section we mentioned research related to that presented in this paper. See the reference list provides a more complete listing of current research on wireless ATM networks.
VII. Conclusion
The integration of the xed Asynchronous Transfer Mode and the next generation wireless personal communications networks into a wireless ATM network is challenging. The current A TM networks do not have the means to understand or to support mobile users. On the other hand, the specications for current wireless networks are still being designed to interface with the plain old telephone networks. In this paper we proposed two signaling protocol alternatives for wireless ATM networks: An overlay protocol implementation to integrate mobility i n to the existing ATM protocol stack, and a migratory signaling architecture that provided native support for both xed and mobile ATM users. We also established a database architecture to support mobility in the ATM network. The performance of the overlay and migratory approaches were also analyzed and compared. Finally, w e identied issues involved in the interactions between wireless and xed ATM users, and wireless users in multi-tier environments. 
